A synthetic DNA fragment was constructed to determine the effect of 5' and 3' neighbors of guanine runs on the binding of chemical carcinogens. Determinations were made on the relative intensity of reactivity between aflatoxin B n or benzo(a)pyrene and methylnitrosourea or 1-{2-chloroethyl)-3-cyclohexyl-1-nitrosourea with various guanine positions in an endlabeled DNA fragment of known sequence. After reaction, the fragments were depurinated to produce strand breaks to allow Maxam and Gilbert sequencing for guanine positions. Relative reaction intensities were compared densitometrically. 3' neighbors exerted greater influence on carcinogen binding than did 5' neighbors, the influence extended only to the adjacent guanine and depended upon the chemical nature of the carcinogen. In addition, the presence of one carcinogen adduct in the guanine run influenced the formation of a subsequent adduct when the DNA was exposed to a second carcinogen, and this effect also depended on the nature of the second carcinogen. The results suggest that DNA adduct formation in the presence of multiple carcinogens is more complicated than an additive mechanism would suggest.
INTRODUCTION
Many, if not most, chemical carcinogens bind covalently at nucleophilic sites in DNA, and this binding is considered to be critical in the initial process of transforming cells to a neoplastic state. Ample evidence now exists to indicate that such binding most frequently involves guanine bases and is not random. Several laboratories have been investigating sequence specificity of DNA adduct formation. Benasutti and coworkers (1), using synthetic DNA polymers containing the trinucleotide 5 '-NGN- 3 ', found that the 5' neighbor to a reactive guanine base influenced the binding of activated aflatoxin B, to the guanine in the following order: G > C > A > T; that is, the extent of binding to guanine was greatest where the 5' neighbor was guanine and least where the neighbor was thymine. The 3' neighbor influenced reaction with the guanine in the order ofG>T>C>A. Briscoe and Cotter (2) examined the effect of the 3' and 5' neighbors to guanine using oligonucleotides with guanine-containing triplet sequences GGG, CGC, TGT, and AGA and the methylating agent, MNU; they observed that almost twice as much N7 methylation occurred when the end bases were guanines than when they were any other base. The same tendency was seen for C^-methylguanine formation but to a quantitatively lesser extent. Briscoe and coworkers (3) extended their studies on triplet sequences to include alkylation by CCNU and observed N7-guanine adduct formation with similar sequence specificity; the central guanine in GGG was alkylated to an extent 25 times greater than when other bases occupied the end positions; the same tendency was observed for O 6 guanine adduction but to a much lesser extent. Several nitrogen mustards were shown to react with guanine moieties with the same specific sequence preferences as aflatoxin B! while other nitrogen mustards, namely uracil mustard and quinacrine mustard, had different sequence preferences (4, 5) ; generally, sites of greatest alkylation were runs of contiguous guanines.
All the above studies investigated the binding of a single electrophilic agent to guanine (N7 position) in short oligonucleotides or DNA fragments containing up to five guanine bases. From such studies, Hartley and coworkers (6) concluded that alkylation of DNA electrophilic intermediates is most likely to occur at the middle of guanine runs, presumably because these would be sites of greatest nucleophilicity in DNA (7). This conclusion was tested in the present experiment which examined the extent of adduct formation at specific binding sites in a DNA fragment containing runs of seven and thirteen contiguous guanine bases, and by studying interaction between carcinogens competing for these binding sites. sourea (CCNU) were obtained from Sigma Chemical Co. (St. Louis, MO), and benzo(a)pyrene and methylnitrosourea from Aldrich Chemical Co, Inc. (Milwaukee, WI). A 35-base single stranded oligonucleotide and its complement were synthesized by The DNA Factory (San Diego, CA); the sequence of each oligonucleotide is given in Figure 1 .
Subcloning of synthetic DNA frgment
The two synthetic oligonucleotides were purified electrophoretically on a 20% polyacrylamide gel; 2 /tg of each oligonucleotide were annealed in 20 /tl buffer containing 40 mM Tris HC1 pH 7.2, 20 mM MgCl 2 and 50 mM NaCl by heating at 65°C for 2 min, then cooling slowly to below 30°C. M13mpl9 plasmid was digested with restriction endonuclease BamYVL and ligated using T4 DNA ligase in the presence of the annealed synthetic DNA fragment; the transfected plasmid was termed M13mpl9/vs. The ligated DNA was used to transform Eschericia coli JM105. The sequence and orientation of the cloned synthetic DNA fragment was confirmed by the dideoxynucleotide chain termination method of Sanger (8) .
Preparation of 3'-end-labeled DNA fragment
A slightly modified method of Maniatis et al. (9) was used to label the EcoRl/Avail fragment by 3'-end filling in at the EcoRl site. M13mpl9/vs plasmid carrying the cloned synthetic DNA fragment was digested with EcoRl and AvaU restriction endonucleases ( Figure 1 ). The resulting fragments were fractionated electrophoretically on an 0.8% agarose gel and the 352-base pair restriction fragment was isolated by electroelution. The DNA fragment (0.3 ng in 40 /d) was mixed with 10 /tl [a-32 P]dATP and one unit of DNA polymerase I (Klenow fragment) in buffer with a final concentration of 50 mM Tris pH 7.2, 10 mM MgSO 4 , 0.1 mM dithiothreitol and 50 /ig/ml bovine serum albumin. The mixture was incubated at 20°C for 45 min, extracted with phenol, and precipitated with ethanol; the DNA pellet was resuspended in 0.2 M NaCl in TE buffer (10 mM Tris an 1 mM EDTA) and loaded onto a NACS column equilibrated with 0.2 M NaCl and TE buffer and eluted with 2 M NaCl in TE (0.3 ml). To this, 20 /tg glycogen in 1 /tl water and 1 ml ethanol were added. The solution was kept on dry ice for 10 min and then centrifuged for 15 min. The sediment DNA was dissolved in water to give final counts of approximately 25,000 cpm per microliter. described above, precipitated with ethanol and suspended in 200 ii\ of 20 mM triethanolamine containing 1.5 mM methylnitrosourea or 0.5 mM CCNU; these mixtures were incubated at 37°C for 45 min, and the DNA was recovered by ethanol precipitation.
Alkaline hydrolysis of DNA DNA recovered from the above reaction systems was hydrolyzed in 1 M piperidine at 90°C for 12 -15 min to depurinate the DNA at sites of N7 and N3 alkylated purines by the method of Maxam and Gilbert (10) as modified by D'Andrea and Haseltine (11) . The hydrolyzed DNA was dried in an evacuated centrifuge before electrophoretic separation of individual fragments.
Elect rophoresis
Digested DNA was dissolved in 95% formamide, 2 mM ethylenediamine-tetraacetic acid, 0.02 % bromophenol blue and xylene cyanol, and denatured at 100°C for 3 min immediately prior to electrophoresis. Fragments were separated on an 8% denaturing polyacrylamide/7M urea gel run for approximately 1.5 h at 1800 V. Bands of labeled DNA fragments were visualized by exposing Kodak XARS film using an intensifying screen at -80°C overnight. Band intensities were determined by laser densitometry using a LKB UltroScan XL densitometer.
RESULTS
A 35-base pair fragment containing two guanine runs was cloned into M13mpl9 to generate M13mpl9/vs plasmid ( Figure 1 ). The six-guanine run in the insert produced a seven-guanine run after cloning because guanine # 1 was generated from the vector M13mpl9. The 3'-end of the EcoRl/AvaU fragment was labeled with ^P by filling in the EcoRl site using DNA polymerase and used to examine the specificity of binding by photoactivated derivatives of two carcinogens. The first guanine residue at the 3'-end of oligomer # 1 (see Fig. 1 ) was located 22 bases from the labeled EcoRl site. Photoactivation of aflatoxin B, in the presence of DNA is known to result in the formation of the same N7 guanine adduct that forms in vivo (12, 13) . In the present study, increasing concentrations of photoactivated aflatoxin B] produced an increasing number of guanine adducts as indicated by the appearance of strand breaks produced by piperidine treatment of the damaged DNA ( Figure 2, lanes 2-4) . Generally, there was greater interaction with bases in guanine runs rather than singlet or doublet guanines. In addition, guanines on the 3'-end of the two guanine runs (bases 1 and 19 in Figure 2 to be much less susceptible to modification by photoactivated AFB]; this observation also applied to bases 36 and 49. The modification of bases in each of the middle of the two guanine runs appeared to occur with about equal intensity as indicated by the relative intensities of the bands in the densitometer scans ( Figure 5, top panel) .
Comparing modification at the 3'-end of the two guanine runs, aflatoxin B, appeared to bind to base 19 more readily than base 1; the nearest neighbors for base 19 are C (base 18) and G (base 20); for base 1 these are A and G (base 2). Comparing modification at the 3'-end of the guanine doublets (bases 36-37 and 49-50), aflatoxin B| appeared to bind more strongly at G base 49, which had T as its 3' neighbor, than it did at G base 36, which had A as its 3' neighbor. This sequence specificity is consistent with the results of other laboratories studying aflatoxin B| (1), certain nitrogen mustards (4,5), chloroethylating agents (6), and methylnitrosourea (2, 14) .
CCNU binding to guanine does not show the 3'-end specificity of aflatoxin B^ CCNU binds nearly as well to guanine bases 1 and 19 as middle guanines (Figure 2 lanes 5 and 6; Figure  5 middle panel). Methylation of guanines by methylnitrosourea, however, appeared to have the same 3'-end specificity as aflatoxin B, binding when compared at equivalent concentrations of carcinogen ( Figure 3 lanes 1 and 2) .
To determine if the 3'-end effect seen in aflatoxin B, binding was applicable to another large carcinogenic molecule which forms bulky adducts with guanine, benzo(a)pyrene was photoactivated in the presence of the 352-base DNA fragment. The binding site of photoactivated benzo(a)pyrene to DNA is not known; the major benzo(a)pyrene adduct formed in vivo is the N2-guanine adduct (15), although King and coworkers (16) have shown that up to 20% of the total benzo(a)pyrene adducts formed in vitro can be N7-guanine adducts, but that these adducts are highly labile and are rapidly lost from the nucleic acid. The guanine binding pattern by photoactivated benzo(a)pyrene appeared to be quite different from that of aflatoxin B| as expected; involvement of all guanines, singlets, doublets, and runs, appeared to be about equal and no 3'-end resistance to modification could be detected (Figure 4 lane 1) .
To determine whether the existence of a bulky DNA adduct affected the subsequent alkylation of guanines in the same DNA by exposure to a second DNA modifying agent, the 352-base DNA fragment was modified first with either photoactivated benzo(a)pyrene (Figure 4 lanes 2 and 3) or aflatoxin B, ( Figure  4 lanes 4 and 5) and then exposed to methylnitrosourea (lanes 2 and 4) or CCNU (lanes 3 and 5) . The presence of either the benzo(a)pyrene adduct or the aflatoxin B| adduct appeared to have no effect on the methylation of bases in either guanine run by methylnitrosourea, but did appear to strongly block the alkylation of guanine bases at both the 3'-and 5'-ends of the two guanine runs by CCNU.
DISCUSSION
The 3'-end labeled DNA fragment exposed to long ultraviolet light in the absence of aflatoxin B, was not susceptible to strand breaks produced by treatment with piperidine ( Figure 2, lane 1) , whereas photoactivation of aflatoxin B, did lead to strand breaks at specific sites in the DNA fragment (lanes 2-4). These sites corresponded mainly to positions with two or more guanine residues. In the runs of 7 and 13 guanine bases, only guanines from the 3' end (positions 1 and 19) were less modified compared to the middle guanines, particularly at lower concentrations of aflatoxin B, (Figure 2, lane 3) . This observation also applied to runs of two guanines (positions 36 and 49). In general, the band intensity of the last guanine residue at the 3' end was weaker than that at the 5' end. These results are consistent with those of Benasutti et al. (1) who studied enzymatically activated aflatoxin Bi and DNA polynucleotides.
Photoactivated benzo(a)pyrene reacts with guanine to some extent, as shown in this study, presumably forming an adduct at the N7-position of guanine with little sequence preference; similar results have been reported by Boles and Hogan (17) who examined the photolytic reaction of benzo{a)pyrene diolepoxide with DNA fragments including a run of 16 guanine nucleotides.
CCNU, at 0.5 mM, did not show any sequence specificity for middle guanines, unlike that reported by Hartley and coworkers (4) for similar chloroethylating agents; however, sequence specificity was demonstrated for CCNU at a lower concentration (0.05 mM) and for DNA pretreated with either photoactivated aflatoxin B, or benzo(a)pyrene.
The sequence specificity for different carcinogens binding to DNA has been investigated previously in other laboratories, but in most cases the DNA fragments analyzed contained guanine runs no longer than five. From our data it appears that the 5' and 3' neighbor effect is limited to the immediate neighbor and that all but terminal guanines in such runs react to the same extent.
The present experiments also demonstrate that the 5' and 3' neighbor effects vary depending on the electrophilic intermediate reacting with the DNA.
Possible mechanisms to explain the alkylation enhancing effect of guanines as nearest neighbors has been discussed in detail (see Refs. 3 and 18) . Briefly, the nearest neighbor influence is likely to be due to 1) steric effects in which the neighboring base hinders alkylation of the N7 of the adjacent guanine, 2) enhancement of the nucleophilicity of the N7 of the adjacent guanine via field effects which increase the efficiency with which alkylating intermediates react (5-7) or 3) chemical reaction with the end guanine which subsequently facilitates the alkylation reaction with the second, internal guanine, similar to the regioselective mechanism proposed by Buckley (19).
Runs of ten or more guanine bases occur frequently in rat and human DNA. These runs occur most often in or near the 5' promoter regions of genes and hence may have some role in the regulation of gene expression. The clear propensity for the carcinogens studied here to react preferentially at guanine runs suggests that adduct formation may not only induce mutations in initiating cells but also induce alterations in gene expression.
The second major finding in this study is that binding to DNA by one carcinogen can affect the subsequent binding by a second carcinogen and that this effect is also dependent upon the chemical nature of the carcinogens. These results may prove to be important in the carcinogenicity of chemical mixtures. It is generally believed that aflatoxin B,, CCNU, and MNU all bind covalently, via highly reactive electrophilic intermediates, at the N7-position of guanine in DNA, although it has been proposed that nucleophilic centers in DNA can attack MNU and perhaps other carcinogens in a manner which does not require formation of such reactive intermediates (19). The competition study supports the conclusions of several investigators (2-6) that the mechanism by which MNU and DNA react is different from the mechanism by which CCNU and DNA react, in that pretreatment of DNA with photoactivated aflatoxin B, was able to block subsequent reaction of CCNU, but not MNU, with terminal bases in guanine runs. The reaction of methylnitrosourea with aflatoxin B, or benzo(a)pyrene-treated DNA may be additive, but reaction of CCNU with such damaged DNA does not appear to be additive, because the presence of the bulky adduct appears to involve a 3' and 5'-neighbor effect on CCNU binding that could not be demonstrated for CCNU and undamaged DNA. Also, pretreatment of DNA with activated aflatoxin B| or benzo(a)pyrene seemed to increase modification of 'CG 3 ' sites more than polyG runs by either methylnitrosourea or CCNU; this could indicate an influence of one carcinogen on the modification of maintenance methylation sites 5 CG 3 ') and regulation of gene expression (see Refs. 20 and 21 for reviews) by a second carcinogen. This suggestion certainly requires ftirther investigation.
Activated benzo(a)pyrene can also react at the N7-position of guanine, but this a minor adduct compared to binding at the N2-position; intercalation of benzo(a)pyrene intermediates with DNA appears to be strongly determinant in adduct formation (see Ref. 22) , and this may be responsible, in part, for the lack of nearest neighbor influence seen for this carcinogen reacting at the N7-position of guanine.
The N7-position of guanine is often the site of DNA adduction with carcinogens because this is the nucleophilic site in DNA with the greatest negative molecular electrostatic potential (7) . The stronger the electrophilicity of the activated carcinogen, the more often it will react with nucleophilic sites in DNA in addition to the N7-position of guanine; also, steric considerations can favor adduction at other sites, as in the case of activated benzo(a)pyrene (22) . Formation of an N7-guanyl adduct weakens the glycosidic bond holding the purine to the deoxyribophosphate polymer, leading to depurination of the DNA and the resultant apurinic site (23) . Apurinic sites play a role in spontaneous and chernicallyinduced mutations (24) .
Since aflatoxin B,, CCNU, MNU, and to a lesser extent, benzo(a)pyrene, can form N7-guanyl adducts, adduct formation in this study was determined only by depurination (Maxam-Gilbert sequencing). A disadvantage of this chemical cleavage method in detecting DNA alkylation sites is that it does not provide information on adducts that form at positions other than the N7 position of guanine, such as the C^-guanine and C-thymine positions which are mutationally important. Alkylnitrosoureas have been shown to have similar sequence preferences for O 6 guanine adducts (2, 3, 25, 26) , and thus, studies which focus on the N7 position of guanine are likely to be relevant to events that occur at other adduction sites.
In the competition study alternative orders of adduct formation were not tried, and therefore it is not possible to know which carcinogen was responsible for the alteration in adduct patterns; the important point at this time was to demonstrate that the presence of one adduct influenced the site-specific binding of a second reactive intermediate. There are several possible mechanisms which could be proposed; for example, carcinogens compete for identical sites, or adduction at one site alters the steric availability and/or nucleophilicity of nearby sites. The data in the present study do not elucidate any mechanisms, but future studies will focus on this point.
It is important that the nearest neighbor effects shown in this study manifest a concentration-effect relationship, thus avoiding the experimental artifact of 'fade out' that can occur when so many guanine bases are adducted that the Maxam-Gilbert sequencing detects only the low molecular weight fragments. Fade out of the larger molecular weight fragments is a probable explanation for the lack of isolated guanine bands in Figure 4 for DNA reacted with two carcinogens, and therefore no conclusion can be drawn from these results regarding reaction of these genotoxic agents with isolated guanines, but then that was not the objective of the study.
Our limited study does not allow us to expand on the possible mechanism of action of the nearest neighbor effect other than to demonstrate that this effect appears to be limited to only the immediate neighboring base, at least for N7-guanine adduction, and that formation of a covalent bond with one carcinogen appears to alter the extent of binding by a second carcinogen at the ends of guanine runs.
